Abstract Inflammation and hepatocyte injury and death are the hallmarks of nonalcoholic steatohepatitis (NASH), the progressive form of nonalcoholic fatty liver disease (NAFLD), which is a currently burgeoning public health problem. Innate immune activation is a key factor in triggering and amplifying hepatic inflammation in NAFLD/ NASH. Thus, identification of the underlying mechanisms by which immune cells in the liver recognize cell damage signals or the presence of pathogens or pathogen-derived factors that activate them is relevant from a therapeutic perspective. In this review, we present new insights into the factors promoting the inflammatory response in NASH including sterile cell death processes resulting from lipotoxicity in hepatocytes as well as into the altered gut-liver axis function, which involves translocation of bacterial products into portal circulation as a result of gut leakiness. We further delineate the key immune cell types involved and how they recognize both damage-associated molecular patterns or pathogen-associated molecular patterns through binding of surface-expressed pattern recognition receptors, which initiate signaling cascades leading to injury amplification. The relevance of modulating these inflammatory signaling pathways as potential novel therapeutic strategies for the treatment of NASH is summarized.
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NAFLD
Nonalcoholic fatty liver disease (NAFLD) is now one of the most common causes of chronic liver disease in both children and adults. Estimates of NAFLD prevalence in the general population have been generated using a variety of noninvasive imaging techniques or measurement of liver enzymes and range between 20 and 40 % in western countries, with the usual figure quoted at around 30 % for adults and 10 % for children [1, 2] . NAFLD includes a wide spectrum of disorders associated with fat deposition in the liver that spans from isolated steatosis to nonalcoholic steatohepatitis (NASH) characterized by steatosis with hepatocellular injury and inflammatory changes with or without fibrosis to NASH with advanced fibrosis and cirrhosis [3, 4] . Natural history studies suggest that, although some patients with isolated steatosis may develop significant fibrosis, the majority of individuals in this group appear to have a benign non-progressive clinical course, while those with NASH undisputedly may progress to cirrhosis [2, 5] . Among the latter group of patients, those with liver fibrosis (stage 2 or higher) appear to be the ones at higher risk of overall and liver-related morbidity and mortality [6] . With NAFLD becoming increasingly common in the developed world over the last decade, NASH demonstrated the greatest increase as a cause of chronic liver disease among patients waiting for liver transplantation, increasing almost twofold and becoming the second leading etiology of liver disease among new liver transplant waitlist registrations in 2013 [7, 8] .
In recent years, there has been tremendous progress in uncovering the mechanisms that contribute to the development and progression of the disease. The disease involves a complex interaction among environmental factors, host genetics and gut microbiota and involves both intra-and extrahepatic events [9] [10] [11] [12] . In this review, we focus on innate immune activation and inflammation, two of the most characteristic features of NASH. We present new insights into the upstream triggers of inflammation in NASH including sterile cell death processes as a result of lipotoxicity in hepatocytes as well as into the altered gutliver axis function involving translocation of bacterial products into the portal circulation as a result of a leaky gut. We further delineate the key cell types involved and the relevance of modulating the inflammatory signaling pathways as potential novel therapeutic strategies for the treatment of NASH.
Inflammation and Cell Death in NASH
One of the key advances that help to explain the large spectrum of NAFLD seen in patients is the realization of the process called lipotoxicity [13] [14] [15] . Indeed, during the overloading of lipids in the liver, the types of fats that accumulate and the way that liver cells handle this lipid load may result in adaptation with the development of isolated hepatic steatosis or may trigger cell death by various distinct molecular mechanisms. The latter result in the release of stressed signals by hepatocytes, also called danger signals, triggering activation of sterile (i.e., in the absence of infection) inflammatory pathways that, when perpetuated over time, result in chronic injury and an abnormal wound-healing response with fibrosis [16, 17] .
Since the original description that caspase activation and TUNEL-positive cells are a common pathological feature in the liver of NASH patients [18] , a growth of data have demonstrated that hepatocyte cell death is a key process involved in NASH pathogenesis [12] . Sustained hepatocyte cell death has also been implicated in the development of hepatic fibrosis [17] . Also, in addition to the classical modes of cell death, such as apoptosis and necrosis (oncosis), other forms of hepatic cell death have been more recently described in preclinical models and patients with NASH, including autophagic cell death, pyroptosis and necroptosis [19] [20] [21] . Apoptosis, a highly organized and genetically controlled process, is the most investigated and best-defined form of programmed cell death in NASH and the predominant cell death pathway in this disease [12, 22] . Apoptosis is initiated by either membrane receptors (extrinsic pathway) or intracellular stress, leading to organelle dysfunction (intrinsic pathway). Both pathways tend to converge in the activation of effector caspases 3 and 7, which execute the final apoptotic changes [12] . Necrosis, or oncosis, is an accidental form of cell death with the fatal consequence being cellular oxygen deprivation whereby the generation of reactive oxygen species (ROS) leads to mitochondrial dysfunction and a drop in ATP levels below the threshold required to maintain cellular integrity [19] . The latter induces membrane rupture with the release of cellular contents. While ROS production and mitochondrial dysfunction are a central feature of NASH, necrotic cell death is a rare histopathological feature of the disease. Necroptosis is induced by the same death receptors that Dig Dis Sci (2016) 61:1294-1303 1295 activate the extrinsic apoptotic pathway, namely tumor necrosis factor receptor-1 (TNF-R1) and Fas [21] . Upon interaction of receptor protein kinases 1 and 3 (RIP1 and RIP3), and a deficiency or absence of caspase 8, cell death that morphologically resembles necrosis occurs [23] . Controversy exists on the potential role of this form of cell death in NASH [12] . Pyroptosis is a novel caspase-1-dependent form of programmed cell death that has been recently shown to occur in vivo during liver injury and that shares features of apoptosis such as DNA fragmentation and necrosis such as plasma membrane permeabilization [20] . Pyroptosis results in the formation of discretely sized ion-permeable pores in the plasma membrane, which leads to water influx and cell swelling. While growing evidence points to an important role for NLRP3 inflammasome in inflammation and fibrosis in NASH [24, 25] , the role of pyroptosis in this disease has yet to be explored. Stressed or dying hepatocytes during lipotoxicity are capable of releasing intracellular molecules called damage-associated molecular patterns, or DAMPs, which can act on various immune cells in the liver (discussed below) to initiate a homeostatic wound-healing response to repair tissue injury [17, 19] . However, the persistence of these signals can induce an exuberant response that can result in a full inflammatory response with tissue inflammation and excessive scarring, leading to advanced fibrosis and ultimately to cirrhosis.
Role of Innate Immunity in NASH
In recent years, the role of the innate immune response in NAFLD has been the focus of intense research. Activation and recruitment of immune cells in the liver by either local signals or signals derived from the adipose tissue or gut, related to changes in the microbial balance and/or bacterial translocation, may promote the inflammatory response, leading to cell injury and death, thus promoting NAFLD disease progression. In particular, the role of intracellular or surface-expressed pattern recognition receptors (PRRs), which are critical in recognizing cell damage and pathogen invasion, as relevant players in NAFLD/NASH is being unveiled [26] . In the following paragraphs, current information on these topics is reviewed, focusing mainly on liver phenomena. Due to space restrictions, we will not discuss the role of adaptive immune mechanisms in NAFLD/NASH, which has been recently reviewed elsewhere [26, 27] .
Damage-Associated Molecular Patterns (DAMPS), Pathogen-Associated Molecular Patterns (PAMPs) and Their Receptors
Sterile inflammation occurs in the absence of pathogens or external antigens and is an important mechanism of liver injury in liver diseases [28] , particularly in NASH, where it probably contributes to ongoing inflammation and disease progression [29, 30] . The acronym DAMPs refers to a set of intracellular molecules that are released or secreted upon the occurrence of cellular injury or death [31, 32] and seem to be key inducers of sterile inflammation. A number of diverse molecules have been recognized as DAMPs including nuclear factors such as the high-mobility group box 1 (HMGB1), nuclear and mitochondrial DNA, purine nucleotides (i.e., ATP, UTP) and uric acid, among others, although its relative contribution to inflammation in the setting of liver disease is ill defined [28, 33] . In addition to DAMPs, PAMPs are also at play in determining liver injury in NAFLD/NASH. PAMPs refer to a number of bacterial products, including bacterial lipopolysaccharide (LPS), which derives from the cellular wall of gram-negative bacteria, and other molecules such as peptidoglycans, bacterial lipoprotein flagellins, bacterial RNA and DNA, and others, which can reach the liver upon disruption of the intestinal mucosal barrier (see below) and locally activate innate immune cells, triggering intracellular signaling cascades that amplify injury.
DAMPs and PAMPs bind the PRRs, triggering a local inflammatory response and creating an injury amplification loop leading to organ damage ( Fig. 1 ). This is essentially mediated by the production of inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6), which, in addition to promoting inflammation, have important metabolic effects influencing insulin resistance and lipid metabolism [9, 11] . Among PRRs, Toll-like receptors (TLRs) are the best characterized and comprise a family of cell surface and endocytic receptors expressed in most liver cells including hepatocytes, Kupffer cells (KCs), hepatic stellate cells (HSCs), biliary epithelial cells and sinusoidal endothelial cells, with each cell population exhibiting a different pattern of TLR expression [34] [35] [36] . The most studied TLRs in the liver, and particularly in NASH, are TLR2, TLR4 and TLR9 [35] [36] [37] . These receptors recognize specific invariant motifs present in pathogen molecules. While TLR2 recognizes peptidoglycans, TLR4 and TLR9 recognize bacterial LPS and DNA, respectively [38, 39] .
The role of TLRs in NAFLD/NASH has been studied using genetic ablation of these proteins in mice (reviewed in [37] ). Suppression of TLR4, the receptor for LPS, and TLR-9, which binds DNA derived from intestinal bacteria, results in a marked attenuation of the inflammatory phenotype in different experimental models of NASH [36, 40] . The role of TLR2, which recognizes some components of gram-positive bacterial cell walls, is more controversial, and discrepant data have been published [40, 41] .
The nucleotide oligomerization domain (NOD)-like receptors (NLRs) also belong to the PRR family and can recognize DAMPs and PAMPs. Activation of NLRs promotes the assembly of inflammasome proteins, leading to cell death through the activation of caspase-1 and production of mature forms of IL-1 and IL-18 [42] . The role of inflammasome activation in NAFLD/NASH has received significant attention in recent years [25] . Work from one of the author's laboratories [20, 43] has demonstrated that NLRP3 inflammasome activation is associated with hepatocyte pyroptosis, an inflammasome-dependent cell death process, and that lack of this receptor attenuates inflammation and fibrosis in experimental NASH, underscoring the relevance of this pathway.
Cellular Players
Kupffer Cells (KCs)
KCs are the resident macrophages of the liver, located in the hepatic sinusoids, the portal tract and hepatic lymph nodes [44] . This cell type derives from circulating monocytes and represents around 15 % of the liver cells, being the largest tissue-specific reservoir of macrophages in the body [45] . In a healthy liver, the major immune function of KCs is to phagocytize pathogens or bacterial-derived products coming from the portal vein circulation, constituting the final barrier to prevent spreading of these products to the peripheral circulation. KCs also phagocytize cell debris of neighboring cells and present antigens to cytotoxic and regulatory T cells [46] .
Activation of KCs plays a key role in NAFLD pathogenesis and progression, as demonstrated by studies showing that depletion of these cells attenuates insulin resistance, inflammatory development and even fibrosis [46] . Expansion of KCs is an early phenomenon in NASH and precedes the recruitment of other immune cells [47] .
As other macrophages, KCs can undergo several forms of activation depending on the local environment [44] . Thus, KCs exhibit a range of polarized forms that have been classified in two broad phenotypes, the classically activated M1 macrophages and alternative M2 phenotype. While the M1 phenotype is regarded as essentially proinflammatory, M2 is considered ''immunoregulatory'' because of its involvement in wound healing and antiinflammation as well as, in some circumstances, proinflammation. However, there is ample agreement that this dichotomous concept does not entirely reflect the intricate biology of macrophage subsets as in some conditions KCs may simultaneously express markers of M1 and M2 differentiation [48] .
The main activators that drive the classic ''M1'' phenotype of KCs are PAMPs, including LPS and other gutderived bacterial products that bind to the TLRs in KCs, resulting in the production of proinflammatory cytokines and chemokines such as TNF-a, IL-1b, IL-12, and C-C motif ligand 2 and 5 (CCL2 and CCL5). This is a key step to trigger local inflammation and to promote additional hepatocyte cell injury, leading to the release of DAMPs. DAMPs in turn further activate KCs via TLRs-signaling pathways, thus creating a vicious inflammatory circle. Moreover, some of the above-mentioned cytokines (i.e., CCL2 and CCL5) have overlapping proinflammatory and profibrotic properties, contributing to the chemotaxis of inflammatory cells and activation of HSC [49] (Fig. 1 ). Of note, several studies have shown that, in the setting of NAFLD/NASH, KCs can also be activated by lipid overload. This may involve different lipids such as free fatty acids, oxidized lipoproteins, ceramides, diacylglycerols and free cholesterol, which has been shown to accumulate intracellularly in KCs in experimental NAFLD/NASH, determining overexpression of TLRs and an increased response to LPS [16, 50] . This has also been observed in vitro using KCs treated with palmitic acid [51] . Thus, fat overload in KCs seems to be also relevant in promoting activation of these cells in NAFLD/NASH, likely contributing to disease progression.
In addition to the M1 polarization form, the alternative M2 phenotype refers to KCs that secrete a distinct set of mediators including IL-13, IL-10, IL-4 and TGF-a and that reciprocally interact with Th2 CD4 T-cells. M2 KCs are mainly involved in wound healing and resolution of inflammatory states [44, 48] . However, the nature of these polarized KCs is far more complex, and in fact different subtypes (M2a, M2b and M2c macrophages) have been recognized. These subtypes exhibit different functional activities and are induced by distinct regulators. Of note, another particular type of macrophage called scar-associated macrophages (SAMs) has been described, which may facilitate the resolution of liver fibrosis due to the production of liver matrix metalloproteinase-13 [52] . The role of M2 polarization of KCs in NAFLD/NASH remains ill defined [44] , although existing data showing that activation of the nuclear receptor PPAR-d promotes M2 activation b Fig. 1 Immune and inflammatory responses in NAFLD/NASH: innate immune activation is a key factor in triggering and amplifying hepatic inflammation in NAFLD/NASH. Fat overload of hepatocytes induces lipotoxicity and the release of damage-associated molecular patterns (DAMPs) that activate both Kupffer cells (KCs) and hepatic stellate cells (HSC), promoting inflammation and fibrosis, respectively. Activated KCs in turn produce inflammatory cytokines and chemokines such as tumor necrosis factor-alpha (TNFa), interleukin1b (IL-1b), interleukin-6 (IL-6) and C-C motif ligand 2 and 5 (CCL2 and CCL5), which contribute to injury and inflammatory necrosis in hepatocytes. KC secretion of tumor growth factor-b (TGF-b) and platelet-derived growth factor (PDGF) also promotes fibrosis development through the mitogenic stimuli of these factors on HSC. The KC population can be replenished by bone marrow-derived monocytes, which amplify KC activation and recruitment through the production of monocyte chemoattractant protein-1 MCP-1/CCL2. Bacteria-derived products also activate KCs through PAMPs (pathogen-associated molecular patterns), which originate in the intestine and reach the liver via the portal circulation because of the altered intestinal barrier (''leaky gut''). The role of other immune cell types in NAFLD/NASH is less clear. Natural killer (NK) cell function has been found impaired in experimental NASH, and these cells could negatively regulate fibrosis through interactions with HSC. Natural killer T (NKT) cells seem to be depleted during steatosis development but increase later in the course of the disease, likely contributing to inflammation and fibrosis in NASH through the production of interleukin-4 (IL-4), osteopontin (OPN) and interferon-gamma (IFN-c) and FAS ligand (FASL). Neutrophils (NEU) exacerbate the ongoing inflammatory state by contributing to macrophage recruitment and cell damage through the release of myeloperoxidase, reactive oxygen species (ROS) and elastase. Dendritic cells (DCs) also rapidly infiltrate the liver in NASH, exhibiting an activated immune phenotype, but its depletion exacerbates liver inflammation, suggesting that DCs attenuate the inflammatory response, likely by modulating KC activation. B-and T-cell responses also contribute to the feed-forward inflammatory loop through secretion of proinflammatory cytokines, which stimulate proinflammatory KC activation. Finally, dysfunctional adipose tissue disturbs the secretion of various adipokines, including adiponectin, interleukin-6 (IL-6), leptin, TNF-a and resistin, which contribute to inflammation in the liver. Also, since adiponectin is a potent antiinflammatory and insulin-sensitizing adipokine, its reduced levels in NAFLD/NASH can also promote hepatic inflammatory responses and influences obesity-induced insulin resistance in mice suggest that this pathway could be exploited to treat NAFLD/NASH [53] .
Dendritic Cells
DCs are tolerogenic immune cells located around the central veins and portal tracts that collectively represent a small fraction of non-parenchymal liver cells. DCs mainly originate in the bone marrow. DCs may act as antigenpresenting cells as well as in apoptotic cell clearance and removal of necrotic debris, thus limiting sterile inflammation. The role of DCs in NASH is complex and controversial [54] . Indeed, available information on the role of DCs in NASH is scarce, and the techniques used to assess its role in liver injury have shortcomings [55] . It is thought that while immature and tolerogenic DCs predominate in physiological conditions, the mature and proinflammatory DC population prevails during liver injury. In the setting of experimental NASH, Henning et al. [56] recently showed that DCs rapidly infiltrate the liver, exhibiting an activated immune phenotype expressing increased levels of IL-6, TNF-a and MCP-1. Interestingly and somewhat counterintuitively, depletion of DCs in NASH livers led to worsening of hepatic inflammation and fibrosis, suggesting that DCs can have and an antiinflammatory and antifibrotic role in the setting of NASH. Another recent study [57] suggests that some DCs in the inflamed liver may derive from monocytes expressing a combination of inflammatory monocyte and DC markers on their cell surface as well as the fractalkine receptor (CX3CR1). This DC subtype exhibits an increased production of inflammatory mediators and an efficient antigen-presenting function. The prevention of accumulation of these cells in experimental NASH reduced TNF-a levels and limited liver injury in mice [57] , somewhat in contrast to previous observations by Henning et al. [56] . The latter underscores the need for better experimental tools and particularly more specific surface markers for a better delineation of the role of DCs in NASH [58] .
Neutrophils
Neutrophil accumulation is one of the main features of NASH, and it is thought that this cell type critically contributes to hepatocellular damage in this setting as it can exacerbate the ongoing inflammatory state by contributing to macrophage recruitment and through interaction with antigen-presenting cells. The release of myeloperoxidase, a prooxidant neutrophil enzyme, seems to be a relevant mechanism that enhances macrophage cytotoxicity and promotes inflammation and fibrosis in experimental models [59] . In fact, studies using myeloperoxidase-deficient mice have shown attenuation of NASH development and downregulation of proinflammatory cytokine production in the liver [60] . Also, neutrophil-derived peptides may also enhance hepatic fibrogenesis in experimental NASH, as recently shown by Ibusuki et al. [61] . Finally, existing data support a role of neutrophils in modulating hepatic insulin resistance in a mechanism that involves elastase, another neutrophil-derived protease, through promotion of the inflammatory response. This is supported by the observation that deletion of neutrophil elastase ameliorates liver inflammation in an NAFLD experimental dietary model of NASH [62] .
Natural Killer (NK) and Natural Killer T Cells (NKT)
NK cells are lymphoid cells that play a role in linking the innate and adaptive immune responses within the liver [63] . Interestingly, liver NK cells display different immunophenotypical and functional characteristics than those of peripheral NK cells; this is thought to be related to cross-talk with other liver cells. NK cell functions are tightly regulated by the stimulation of diverse activating and inhibitory surface receptors. Different studies have shown that NK cells may be activated in NASH in connection with elevated levels of several NK cell-activating cytokines (e.g., IL-12, interferon-c and IL-18) and ligands [28, 63] . However, there are discrepant data in this regard as obese subjects with NAFLD and rats fed with a diet deficient in methionine and choline (MCD), which induces NASH, exhibit decreased cytotoxic activity of NK cells [28] . Thus, further research is needed to establish the role of NK in NAFLD/NASH precisely. NKT cells comprise a unique immune cell subtype that expresses specific NK cell surface receptors as well as an antigen receptor (TCR) characteristic of conventional T cells. They mainly reside in the sinusoids providing intravascular immune surveillance [64] . Recent studies point to the existence of at least two NKT-cell subsets that can play opposing roles in sterile liver inflammation with type I NKT being proinflammatory and type II conferring protection against liver injury [65] . Interestingly, type I NKT cells are readily activated by lipids and therefore may play a role in NAFLD. Studies assessing this issue are difficult to interpret because of technical disparities, and the results should be interpreted with caution. Interestingly, mice lacking NKT cells are more susceptible to developing fatty liver and gain more weight when fed a high-fat diet [66] , and leptin-deficient mice exhibit reduced liver steatosis and improved glucose homeostasis upon adoptive transfer of NKT cells [67] . These two studies suggest a role of NKT cell depletion in early NAFLD. Moreover, NKT depletion has been related to KC activation and local IL-12 production as shown by Kremer et al. [68] . On the other hand, a study of liver samples from patients with different degrees of NASH injury showed that when the disease progressed to more severe stages, the liver becomes enriched in NKT cells [69] , which is in agreement with a subsequent study showing accumulation of NKT cells in advanced disease [70] . Thus, in NAFLD/NASH NKT cells seem to be depleted during steatosis development but increase later in the course of the disease, likely contributing to inflammation and fibrosis [71] .
Activation of Innate Immunity in NAFLD/NASH: the Gut Liver Axis and Adipose Tissue
The concept of the gut-liver axis [72] [73] [74] refers to the existence of a physiological cross-talk between the liver and intestine consisting of a myriad of signals evoking relevant immunological and metabolic effects in the target organ. In fact, bile secretion from the liver has important consequences beyond fat digestion. Secretion of biliary constituents to the intestinal lumen also has immune roles (secretion of IgA) and metabolic effects [bile acids stimulate secretion of glucagon-like peptide 1 (GLP-1) and fibroblast growth factor-19 (FGF19) in enterocytes, thus regulating insulin secretion and action as well as bile acid synthesis] [75] . Moreover, bile acids can also regulate intestinal microbiota and through that regulate intestinal barrier (IB) function [76] . The IB is a complex structure that consists of several complex protein-protein networks that mechanically bind adjacent enterocytes and seal the intercellular space, the mucus layer coating the cell surface and the Paneth cells [77] . Structures of the IB include desmosomes, adherens junctions and tight junctions formed by transmembrane proteins interacting extracellularly with neighboring cells and intracellularly bound to adaptor proteins linked to the cytoskeleton. The main components of tight junctions are zonulin-1, claudin and occludin [73] . The IB is critical in controlling the pass of certain food-derived or bacterial products into the portal circulation. In normal conditions and due to its strategic anatomical position, the liver plays a role in immune surveillance of the portal circulation, clearing low levels of gut-derived LPS and other bacterial products (i.e., bacterial DNA, peptidoglycans or other components of bacterial cell walls) physiologically present in the portal blood. Thus, if IB function is deranged, LPS and other bacterial-derived compounds increase in the portal blood, leading to an increased activation of TLRs and other PRRs in the liver and triggering local inflammatory and fibrogenic responses. As mentioned earlier, activation of TLRs, particularly TLR-4 and TLR-9, by PAMPs seems to be a key phenomenon in liver injury amplification in NAFLD/NASH [35-37, 72, 74] as their signaling promotes disease progression in different experimental models. One issue that remains to be clarified is the potential existence of a hypersensitivity of NASH patients to LPS, which would explain interindividual differences related to the extent of liver damage to a given endotoxemia level [74] .
Alterations of IB in NAFLD/NASH have received a great deal of attention in recent years. Several studies have shown that intestinal permeability is altered in subjects with NAFLD and that those with NASH exhibit a stronger association with altered intestinal permeability, suggesting that liver injury and inflammation may be modulated by the degree of disruption of gut barrier integrity [72, 78] . A recent meta-analysis of the existing literature showed that nearly 40 % of patients with NAFLD had evidence of increased intestinal permeability compared with 6.8 % of healthy individuals [79] . Other studies have shown that obesity by itself, the most common comorbidity of NAFLD, is associated with changes in IB function [80] and that major tight junction proteins are downregulated in patients with NAFLD [81] .
Although it is thought that alterations in intestinal tight junction proteins (i.e., zonula occludens-1 and occludin) are the main molecular mechanisms contributing to IB dysfunction in NAFLD, the underlying causes are not well understood. Experimental evidence suggests that certain dietary components can directly induce changes in tight junction proteins, as has been shown in high-fat or highsucrose/high-fat diet-fed mice [72, 74] . Dietary factors can act either directly, causing intestinal inflammation, or inducing changes in intestinal microbiota determining microbial dysbiosis. Finally, a recent experimental paper suggests a role of the G protein-coupled chemokine receptor (CX3CR1) in controlling IB function [82] . This receptor is expressed in intestinal macrophages, which have high phagocytic capacity and limit translocation of PAMPs. CX3CR1 is also involved in the protection of intestinal epithelial cells through autocrine regulation of cell survival signals. Deletion of this receptor promotes portal endotoxemia and worsens steatohepatitis in mice because of IB dysfunction [82] .
Signaling from dysfunctional adipose tissue is also involved in hepatic innate immunity activation in NAFLD/ NASH [83] . Insulin-resistant adipose tissue undergoes uncontrolled lipolysis, increasing the serum free fatty acids available for ectopic tissue deposition. In the liver, as discussed earlier, fatty acids may directly contribute to KC activation via direct TLR2/4 binding [84] . Dysfunctional adipose tissue also exhibits an imbalance in adipokine production consisting of a reduced production of adiponectin and increased production of leptin and resistin [83] .
Adiponectin has potent antiinflammatory effects via its influence on macrophage function, leading to a reduction in TNF-a production by these cells [85] . Adiponectin may also promote polarization of KCs into the M2 phenotype, stimulating the production of antiinflammatory cytokines such as interleukin-10 [44, 86] . Thus, reduced serum adiponectin likely contributes to hepatic inflammation in NAFLD/NASH. On the other hand, increased leptin and resistin may directly promote proinflammatory responses on KCs. However, its contribution to NAFLD/NASH remains unclear.
Conclusion and Perspectives
In summary, in recent years, both basic and clinical research have established that innate immune activation plays an important role in triggering and amplifying hepatic inflammation in NAFLD/NASH. Resident liver macrophages (KCs) along with other immune cells play a major role in recognizing both signals from injured or dying fat-laden hepatocytes and the presence of bacteriaderived products, which determine its activation and a robust proinflammatory response. Bacterial products can reach the liver as a result of disturbed IB integrity induced by dietary components or microbial dysbiosis, recently found to be key factors in modulating liver injury in NAFLD/NASH. Finally, existing evidence suggests that signals arising from adipose tissue can also influence innate immune cells and modulate inflammation and fibrosis in the liver.
Indeed, current knowledge opens the possibility of designing new potential therapies or understanding and/or improving current treatments. Thus, cenicriviroc, a dual C-C chemokine receptor (CCR) 2/5 antagonist that limits the recruitment of hepatic macrophages into the liver, is currently being tested in patients with NASH. CCR2 binds CCL2, which is relevant in both chemotaxis of KCs and activation of HSC in the liver, contributing to inflammation and fibrosis in NAFLD/NASH. Cenicriviroc was first tested in experimental models and now is being studied in a phase 2 trial in NASH patients (https://clinicaltrials.gov/ct2/ show/ NCT02217475). Also, other drugs being tested for NASH, such as obeticholic acid [87] and the dual PPARa/d GFT-505 [88] , partially act by limiting hepatic inflammation in the liver, influencing bile acid metabolism, intestinal inflammation and macrophage recruitment. Modulation of IB function may also be a potential therapeutic target that could be exploited after gaining more precise knowledge of how dietary components affect tight junction proteins or through targeting changes in intestinal microbiota using pre-or probiotics. Of note, despite the existence of positive evidence from animal models [74] , the clinical efficacy of probiotics/prebiotics in NAFLD/NASH remains to be demonstrated in large clinical trials. Also, pharmacological agents able to tighten tight junctions, improving IB dysfunction, such as larazotide, warrant future studies in this regard. Finally, adipokine-targeted interventions for the treatment of NAFLD/NASH remain an unmet need.
Key Messages
• Innate immune activation is a key factor in triggering and amplifying hepatic inflammation in NAFLD/ NASH, leading to fibrosis development, cirrhosis and carcinogenesis.
• The immune response is triggered by a myriad of signals derived from injured hepatocytes (damageassociated molecular patterns or DAMPs) and distant tissues such as the intestine (through pathogen-associated molecular patterns or PAMPs) and adipose tissue (because of the occurrence of an adipokine imbalance).
• DAMPs and PAMPs are recognized by immune cells through intracellular or surface-expressed pattern recognition receptors (PRRs), which, upon binding of their ligands, initiate inflammation-promoting signaling cascades.
• Targeting key immune cell subtypes as well as modulation of gut permeability and/or gut microbiota holds promise for future NASH therapy.
